ABSTRACT: Three different sizes of Eu 0.2 Gd 0.8 PO 4 ·H 2 O nanoparticles have been prepared to investigate the particle size influence on water proton relaxivity. Longitudinal relaxivity (r 1 ) values increase for smaller particles, reaching as high as r 1 = 6.13 mM −1 s −1 for a sample of 40 ± 4 nm particles, which, with a ratio of transverse/longitudinal relaxivity, r 2 /r 1 = 1.27, are shown to be effective positive contrast agents. The correlation between relaxivity and the surface-to-volume ratio implies that access to surface Gd 3+ sites is the principal factor affecting relaxivity. On the other hand, although ionic molar relaxivity decreases for larger particles, the relaxivity per particle can be significantly greater. Gadolinium-based nanoparticles doped with fluorescent lanthanide elements have attracted attention for their dual-imaging abilities, combining magnetic resonance imaging (MRI) and fluorescence imaging agents. In both in vitro experiments with HeLa cells and in vivo experiments with C. elegans, strong red fluorescence is observed from Eu 0.2 Gd 0.8 PO 4 ·H 2 O with high resolution, demonstrating the parallel use of the particles as fluorescence imaging agents.
INTRODUCTION
Multifunctional nanoparticles elicit considerable attention due to their ability to serve simultaneously as agents for important tasks such as MRI, fluorescence imaging, controlled drug release, and specific targeting.
1−3 A variety of material platforms have been used to develop multiple functions, including gold, silica, polymer, and magnetic oxide nanoparticles. 4−7 Gadolinium ion-based nanoparticles such as Gd 2 O 3 , KGdF 4 , and GdPO 4 are a promising category due to their intrinsic ability to affect water proton relaxation and serve as potential T 1 or T 2 contrast agents. 8−10 Combining fluorescent bioimaging with MRI capabilities is attractive because the greater sensitivity and resolution of fluorescence imaging can be used to complement MRI capabilities. 3, 8, 9, 11 Several nanoparticle-based systems have been developed for this purpose, such as superparamagnetic Fe 3 O 4 nanoparticles conjugated with fluorescent quantum dots and organic fluorophores immobilized on Gd 2 O 3 nanoparticles. 8, 12 The mixing of different lanthanide ions in a singlephase system provides an effective way to achieve particles that combine fluorescence imaging and MRI easily while avoiding potential complication associated with more complex architectures. 13−17 Circumventing the need for quantum dots or organic fluorophores, lanthanide ions such as Eu 3+ and Tb 3+ show extraordinary fluorescent properties, including large Stokes shifts, long lifetimes, and narrow emission lines. 13, 17, 18 With seven unpaired electrons, Gd 3+ forms the basis of the most widely used T 1 contrast agents. 19 As a result of these advantages, gadolinium-based nanoparticles have become a suitable platform for doping with luminescent lanthanide ions to achieve dualmode imaging agents. Previously, Shi et al. 16 used Eu
3+
-doped Gd 2 O 3 hybrid nanoparticles to label human mesenchymal stem cells (hMSCs), which was confirmed by confocal laser scanning microscopy. In addition, europium-doped gadolinium sulfide (GdS:Eu 3+ ) was successfully applied as a fluorescent imaging agent for breast cancer cells (SK-BR-3). 15 In a third example, Ren et al. 13 used Eu 3+ -doped GdPO 4 nanorods to observe red luminescence from labeled HeLa cells.
Following our earlier report 10 exploring MRI contrast generation with gadolinium phosphate particles stabilized with phosphate-terminated oligonucleotides, we became interested in the Eu x Gd 1−x PO 4 ·H 2 O system. The present report describes the synthesis of Eu 0.2 Gd 0.8 PO 4 ·H 2 O, and we show that suspensions can be stabilized by the phosphate-containing modifier, Nphosphonomethyl iminodiacetic acid (PMIDA). The PMIDAmodified particles are shown to be compatible with HeLa and A549 cells in viability studies and can be used to generate fluorescent images of the cells. The particles also enhance water proton relaxivity and are demonstrated to be MRI contrast agents. Our study contributes to a range of relaxivity values reported for the GdPO 4 ·H 2 O and Eu x Gd 1−x PO 4 ·H 2 O systems. 10, 13, 20, 21 Differing particle size is likely one of the parameters contributing to the range of reported values, 19,22−26 so to understand the particle size dependence better, three different samples, ranging from ∼40 to ∼140 nm, are investigated.
MATERIALS AND METHODS
2.1. Synthesis of Eu 0.2 Gd 0.8 PO 4 ·H 2 O Nanoparticles. 2.1.1. Sample 1. The synthesis of nanoparticles is based on procedures developed in our previous report with a few modifications. 10 The nanoparticles are obtained by combining two precursor surfactant mixtures, one containing the metal ions and the other the phosphate ions. The metal ions, 400 mg of Gd(NO 3 ) 3 ·6H 2 O and 100 mg of Eu(NO 3 ) 3 · 6H 2 O, in 5 mL of water are added to a solution of IGEPAL CO-520 (20 mL) dissolved in 100 mL of cyclohexane under vigorous stirring. In a separate suspension, NaH 2 PO 4 ·H 2 O (700 mg) in 5 mL of water is combined with a solution of IGEPAL CO-520 (20 mL) dissolved in 100 mL of cyclohexane. The two suspensions were stirred separately for 1 h at room temperature, following which they were combined by the dropwise addition of the phosphate suspension to the metal ion suspension within a time period of 30 min. Once the addition was complete, the mixture was stirred vigorously for 3 h before the microemulsion was broken with 200 mL of acetone. The nanoparticles were collected by centrifugation and washed with water and acetone. The surface modification of the nanoparticles was performed by dispersing 20 mg of the nanoparticles in 1 mL of water followed by the addition of 30 mg of Gd(NO 3 ) 3 ·6H 2 O and sonicating for 20 min. To this suspension, 3 mL (pH 7) of 60 mg of PMIDA was added. The mixture was left to sonicate for another 1 h, after which the nanoparticles were collected by centrifugation, washed with water, and redispersed in water for later use. associated with the asymmetric (ν as ) and symmetric (ν s ) stretching vibrations of methylene (−CH 2 ) groups of PMIDA. 2.2. Characterization. Particle size analysis was conducted using a JEOL-2010F high-resolution transmission electron microscope (TEM) at 200 kV. The TEM grids (an ultrathin carbon film on a holey carbon support film, 400 mesh, copper) were prepared by dropping 40 μL of a solution containing 5 mg of sample dispersed in 1 mL of water. Powder X-ray diffraction (XRD) was recorded on a Philips X'Pert MRD materials research diffractometer using a Cu Kα source. For the XRD measurements, particles (10 mg) were mounted with double-sided tape on a glass slide, and the range was set from 10 to 80°with a step size of 0.008°. The metal composition and the Gd ion concentration of the samples for relaxivity measurements were determined with an inductively coupled plasma atomic emission spectrometer (ICP-AES, PerkinElmer Optima 3200 RL) and an energy-dispersive X-ray spectrometer (EDS, Oxford Instruments EDS X-ray microanalysis system coupled to the HRTEM microscope). FT-IR spectra were recorded on a Nicolet 6700 Thermo Scientific spectrophotometer. Fluorescence spectra were collected by a Photon Technology International (PTI) photon-counting fluorescence spectrophotometer.
2.3. Relaxivty Measurements and Magnetic Resonance Imaging. All MR relaxation time measurements were carried out at 1.4 T on a Minispec mq60 TD-NMR contrast agent analyzer (Bruker Optics, Billerica, MA, USA) at a constant temperature of 37°C. T 1 relaxation times were measured using an inversion recovery pulse sequence (t 1 _ir_mb); T 2 relaxation times were measured using a Carr− Purcell−Meiboom−Gill pulse sequence (t 2 _cp_mb). Magnetic resonance imaging was performed on an Agilent 4.7 T with a 120 mm actively shielded gradient coil. All samples were transferred into Eppendorf tubes and fixed on a homemade foam sample holder and then put into the coil. The parameter settings are TR = 50 ms, TE = 4.03 ms, matrix size = 128 × 128, and FOV = 70 mm × 35 mm.
2.4. In Vitro and in Vivo Fluorescent Imaging. A confocal laser scanning microscope (Olympus FV 500-IX81) was used to record cellular images. HeLa cells were plated in a 35 mm confocal dish (glass bottom dish) and grown to around 60% confluency for 24 h before the experiment. Cells were washed three times with DMEM, supplied with 1 mL DMEM, and then incubated with 100 μL of PMIDA-modified Eu 0.2 Gd 0.8 PO 4 ·H 2 O nanoparticles. After 24 h of incubation, cells were washed three times with DMEM, supplied with 1 mL of DMEM, and then subjected to confocal fluorescence imaging. An argon laser (excitation wavelength of 488 nm) was used with a 60× oil-dispersion objective with a long pass filter at 560IF.
The same confocal laser scanning microscope was used to record in vivo fluorescent images of a small animal, C. elegans, with excitation at 488 nm and a 560IF filter. Food was prepared by mixing 200 μL of a solution of the nanoparticles that was 8 or 32 mM in Gd 3+ with 200 μL of 100 mg/mL OP50 (a type of E. coli) in S-basal medium. Two hundred microliters of these solutions were pipetted out onto the assay plate and left to dry, which served as food for the worms. For the control group, no nanoparticles were added. The worms were starved for 48 h before they were fed for 4 h, followed by transferring into a 2 mL tube with water and holding at 65°C for 5 min. Once prepared, the worms were imaged with a 10× objective.
2.5. Cytotoxicity Assay. The cytotoxicity of the Eu 0.2 Gd 0.8 PO 4 · H 2 O nanoparticles to HeLa and A549 cells was evaluated using the CellTiter 96 proliferation assay (Promega, Madison, WI, USA). A sample of 1 × 10 5 cells in 50 μL of fresh cell culture medium was seeded into each test well on a 96-well plate. After being cultured overnight, nanoparticles with different concentrations in 50 μL of fresh cell culture medium were added to the test wells. The resultant cell mixture was incubated at 37°C under a 5% CO 2 atmosphere for 24 h. Then, 75 μL of the cell culture medium was removed from the test wells after centrifugation, and another 75 μL of fresh cell culture medium was added. The 96-well plate was then put back into the incubator for another 24 h. Finally, 20 μL of the CellTiter reagent was added to each test well, and the 96-well plate was subjected to absorption measurement at 490 nm using a VersaMax tunable microplate reader (Molecular Devices, Inc., Sunnyvale, CA). The resolution of the diffraction patterns does not discern between a homogeneous phase and a mixture of phases. However, EDS maps (Figure 2 ) clearly show the Eu and Gd ions are uniformly distributed within crystallites.
Particle surface modification provides colloidal stability and can be used to impart other functions such as biocompatibility or mechanisms for vectoring. The most common strategies include polymer modification and silica shell coating. 7, 29 In the current study, we use the small-molecule PMIDA for postsynthesis surface modification following reports of its successful use for other metal phosphate and metal oxide particles. 30, 31 The PMIDA molecule is expected to bind the particle surface through the divalent phosphate, 10,32 consistent with how it binds to Ca 3 (PO 4 ) 2 and iron oxide surfaces. 30, 31 After surface modification, the phosphate groups strongly bind with metal ions on the surface, leaving free carboxyl groups at the periphery, producing a well-dispersed suspension through electrostatic repulsions ( Figure S1 ).
Our previous study of GdPO 4 ·H 2 O particles modified with phosphate-terminated oligonucleotides showed that postsynthesis modification with excess Gd 3+ to ensure a surface rich in Gd 3+ led to increased binding of the oligonucleotide in addition to providing more water-accessible sites to influence the relaxivity. 10 This result was also observed here for PMIDA modification. FT-IR spectra confirm successful surface modification with PMIDA. Figure S2 compares FT-IR spectra of Eu 0.2 Gd 0.8 PO 4 ·H 2 O before and after surface modification. The spectra are dominated by vibrations from the lattice PO 4 3− groups and water. 33 However, new bands at 2920 and 2851 cm −1 for the modified particles are associated with the asymmetric (ν as ) and symmetric (ν s ) stretching vibrations of methylene (−CH 2 ) groups of PMIDA. 31, 34 Surface modification with PMIDA provides an easy and direct procedure for obtaining dispersible and biocompatible particles. Furthermore, the terminal carboxyl groups of the PMIDA can be easily used for later functionalization with other biologically active molecules. 30, 31, 35 3.2. Size-Dependent MRI Relaxivity. To begin to understand some of the factors that contribute to the range of relaxivity behavior reported for GdPO 4 ·H 2 O and Eu x Gd 1−x PO 4 · H 2 O particles, samples of three different average particle sizes were prepared. Magnetic resonance relaxivity measurements of different concentrations of Eu 0.2 Gd 0.8 PO 4 ·H 2 O particles dispersed in water were performed at 1.4 T to determine T 1 and T 2 values ( Figure 3 and Table 1 ). The specific relaxivities were calculated according to Figure 3 and Table 1 clearly show that the smaller particles give rise to higher molar relaxivity. Although the exact knowledge of how the gadolinium phosphate nanoparticles induce water proton relaxation is unknown, we would speculate that Gd 3+ at the outer surface should contribute more to the relaxivity than ions in the core of the particle as water molecules have direct access to complexes at the surface.
The correlation between the S/V ratio and relaxivity of Eu 0.2 Gd 0.8 PO 4 ·H 2 O nanoparticles is plotted in Figure 4 . As expected, the smaller particle of sample 1 with the largest surfaceto-volume ratio of 0.49 shows the highest relaxivity, which then decreases nearly linearly as the S/V ratio decreases, indicating that the availability of surface sites is primarily responsible for inducing relaxation.
The correlation with S/V ratio is in line with other studies of nanoparticle-based contrast agents. Relaxivity studies of Gd 2 O 3 report that particles smaller than 10 nm have much higher r 1 than particles on the order of 30 nm diameter. 8, 19, 38 Similarly, r 1 values were found to be higher for smaller MnO particles, leading to speculation that the paramagnetic Mn 2+ ions on the surface of the nanoparticles are responsible for the shortening of the T 1 relaxation times. 22 Both Rieter et al. 24 and Nishiyabu et al. 26 report on relaxivity studies with Gd 3+ -MOF systems. In both cases, an inverse dependence on nanoparticle size was observed, with the smaller nanoparticles possessing a larger r 1 relaxivity, suggesting that the Gd 3+ ions at or near the surface are primarily responsible for the observed relaxivities. Whether the availability of surface ions is the only important factor is unclear from these observations, but certainly surface sites are the principal agents affecting the relaxivity with these paramagnetic metal oxide and metal phosphate systems.
Although the molar relaxivity decreases for larger particles, the relaxivity per particle can be significantly greater than for the small particles. Such a characteristic could allow for enhanced local contrast while using particle-based contrast agents, which would be highly beneficial for targeted imaging. 23 Recasting the relaxivity in units of relaxivity per particle, 24 (mM particle) −1 s −1 , shows the enhancement (Figure 4 ). The relaxivity per particle increases from 47 000 (mM particle) −1 s −1 for the 40 nm particle to 164 000 (mM particle) −1 s −1 for the 145 nm particles ( Figure  4) . Even for the larger particles, the per ion relaxivity is of the same order as for known gadolinium chelates, 13, 20, 39 but with so many more ions in a particle, they provide a mechanism to concentrate and localize the induced relaxation effectively.
With r 1 = 6.13 mM −1 s −1 and r 2 = 7.78 mM
, the low value of r 2 /r 1 = 1.27 suggests usefulness as a positive contrast agent. To demonstrate this, sample 1, with the highest longitudinal relaxivity, was used to obtain T 1 -weighted MR images. Figure 5 shows the T 1 -weighted images obtained at 4.7 T at concentrations ranging up to 8 mM. Enhanced MRI brightness is observed with the increase in particle concentration.
It is useful to compare the relaxivity data for the materials described in this study to those of other gadolinium phosphate and Eu 3+ -containing gadolinium phosphate systems. O, and by taking advantage of a large r 2 /r 1 ratio, they used the particles to effectively generate negative contrast in MRI phantom images at 9.4 T. Interestingly, studies of GdPO 4 ·H 2 O also report a wide range of relaxivities and r 2 /r 1 ratios, with some studies emphasizing utility as positive contrast agents with others focusing on a large r 2 value and using the particles to demonstrate negative contrast. Particle size explains some of the differences, but it is clear that there are also other factors that influence the relaxivity behavior of the gadolinium phosphate system. In addition to the different particle sizes represented in Table S1 , each study uses a different surface modifier. Details of the significance of these factors remain to be resolved.
3.3. Fluorescence Imaging. Suspensions of the particles exhibit strong visible fluorescence in the red region under UV irradiation, a result of the Eu 3+ in the particles ( Figure S3 ).
13,21
Such fluorescence properties have attracted considerable attention and show great potential for bioimaging applications. For example, Ren et al. 13 used Eu 3+ -doped GdPO 4 nanorods modified with PVP to observe red luminescence from labeled HeLa cells. In addition, Patra et al. 18, 40 successfully used pure EuPO 4 nanorods without a surface modifier to label both 786-O cells and HUVEC cells. To demonstrate the potential of the Eu 0.2 Gd 0.8 PO 4 ·H 2 O system as a dual-imaging agent, the HeLa cells were imaged with confocal laser scanning microscopy following incubation with the PMIDA modified particles. After treatment, strong fluorescence was associated with nanoparticle uptake by the cells (Figure 6 ).
Further evidence of the fluorescence imaging potential of the particles is presented in Figure 7 showing confocal laser scanning microscopy images of C. elegans following inclusion of the Eu 0.2 Gd 0.8 PO 4 ·H 2 O particles with different concentrations in the culture medium of the worms. Bright red fluorescence was observed due to the presence of the Eu 3+ doped nanoparticles in C. elegans, where a stronger intensity can be seen when higher particle concentrations were used. No fluorescence was observed in the red region in the control. Together with the cell imaging and MRI contrast capability, these experiments demonstrate the potential of the PMIDA-modified Eu 0.2 Gd 0.8 PO 4 ·H 2 O particle system for dual-imaging.
3.4. Cytotoxicity Measurements. When evaluating the clinical potential of nanoparticles, their toxicity is an important factor that should be taken into consideration. Therefore, we have studied the cytotoxicity of the as-prepared nanoparticles. Cytotoxicity testing was performed on PMIDA-modified Eu 0.2 Gd 0.8 PO 4 ·H 2 O sample 1 using HeLa cells and A549 cells in solution up to 1 mM Gd 3+ . As shown in Supporting Information (Figure S4 ), the average cell viability is 93 and 90% for HeLa cells and A549 cells, respectively. Therefore, PMIDA-coated Eu 0.2 Gd 0.8 PO 4 ·H 2 O nanoparticles are nontoxic up to 1 mM Gd 3+ . complexes at the surface is the principal factor influencing molar relaxivity. On the other hand, as the particles become larger, the relaxivity per particle increases, suggesting that larger particles might be useful for concentrating relaxivity effects in applications such as cellular or molecular imaging.
CONCLUSIONS
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